Introduction {#s1}
============

In the last few years development of 3D printing for medical and dental applications has increased strikingly. The drive behind advancement in 3D printing for medicine and dentistry emerges from the possibility of individualized products, savings on small scale productions, eased sharing and processing of patient image data and educational upgrading. This trend is reflected by the increasing number of publications on this topic (Figures [1A,B](#F1){ref-type="fig"}). Publication numbers for 3D printing in general, in medicine and in dentistry in particular increased over the past 10 years in which overall number of publications on 3D printing are higher in medicine than in dentistry (Figure [1A](#F1){ref-type="fig"}). Looking at the dental specialties it becomes evident that the attention in 3D printing is mainly focused on applications in oral surgery and prosthodontics, followed by orthodontics, while there are limited numbers of publications on applications in periodontics and endodontics (Figure [1B](#F1){ref-type="fig"}).

![Increasing publication numbers in 3D printing for a variety of dental specialties. **(A)** Number of publications on 3D printing in general and 3D printing in medicine or dentistry in particular (Pubmed.gov; Search date: 01-25-2018; Search algorithm: "3D printing"; "3D printing" AND medicine; "3D printing" AND dentistry) from 2007-2017. **(B)** Number of publications on 3D printing in a variety of dental specialties (Pubmed.gov; Search date: 01-25-2018; Search algorithm: "3D printing" AND "oral surgery"; "3D printing" AND "endodontics"; "3D printing" AND "periodontics"; "3D printing" AND "endodontics"; "3D printing" AND "orthodontics"; "3D printing" AND "prosthodontics") from 2007-2017. **(C)** Applications for 3D printing in dentistry include experimental, clinical and educational approaches.](fbioe-06-00172-g0001){#F1}

Additive manufacturing is gaining rapid potential in nearly all dental fields (Figure [2](#F2){ref-type="fig"}, Table [1](#T1){ref-type="table"}). It differs from formative (Figure [3A](#F3){ref-type="fig"}) and subtractive manufacturing (Figure [3B](#F3){ref-type="fig"}) as in the additive manufacturing process the object is "printed" by adding the building material layer by layer (Figures [3C](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"}). The most widely applied additive manufacturing methods include fused deposition modeling (FDM), selective laser sintering (SLS), stereolithography (SLA), polyjet printing, and bioprinting (Knowlton et al., [@B65]; Rasperini et al., [@B99]; Visscher et al., [@B122]; Ligon et al., [@B77]; Moroni et al., [@B86]; Zhang et al., [@B139]) (Figure [3](#F3){ref-type="fig"}). Fused deposition modeling (FDM) printers (Figure [3C](#F3){ref-type="fig"}) are the most common to begin with in a medical or dental set-up owing to its wide availability, moderately reliable printing quality, ease of installation, and use and economic affordability (Huang et al., [@B49]). It is competent with a number of materials like acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) (Kalsoom et al., [@B60]). The spooled material is supplied into a hot nozzle, melting and extruding it in the X-Y dimensions, one layer at a time, before the nozzle is elevated or the print bed drops down (Figure [3C](#F3){ref-type="fig"}). It is the printer of choice for the in house production of easily accessible anatomical models, but for complex anatomies, the higher printing time, limited color selection, moderate printing resolution and complete removal of the support material are technical limitations (Huang et al., [@B49]). Both SLS and SLA (Figures [3D,E](#F3){ref-type="fig"}) use laser to scan and build the object layer-by-layer, while SLS uses powder-based material for printing the object, SLA is based on a liquid resin material (Mazzoli, [@B84]; Kalsoom et al., [@B60]). It overcomes the printing resolution and support material limitations of the FDM, however, object shrinkage is a matter of concern. Biocompatible polymeric implants, replication of intricate geometries, and biodegradable scaffolds for tissue engineering are a few of its major applications (Mazzoli, [@B84]). The printer with highest resolution that is commercially available is the polyjet printer (Figure [3F](#F3){ref-type="fig"}) where the 3D model is created, one layer at a time, by the printer heads jetting layers of liquid photopolymer onto a build tray, followed by UV light curing (Ionita et al., [@B53]). The advantages of polyjet printers are a wide choice of printing materials with varieties in density, hardness, flexibility, porosity, resolution as fine as 25 microns, fast printing process, and replication of complex geometries. The disadvantages are the post-print model processing such as intensive washing and removal of support material (Ionita et al., [@B53]). It finds major application in surgical planning on patient-specific 3D models with complicated geometries, surgical stents and guides, phantoms for orthopedic and cardiac surgeries, and scaffolds for tissue engineering (Klein et al., [@B63]; Tardieu et al., [@B115]; Hung et al., [@B51]; Osman et al., [@B93]).

![Schematic representation of possible applications of 3D printing in dentistry. Manufacturing anatomical models, guides, and scaffolds for bone defects in oral and maxillofacial surgery; 3D printed dentures and prosthesis in prosthodontics; 3D printed dental models and clear aligners in Orthodontics; Computed tomography based endodontic guides for Root canal treatments; 3D printed scaffolds in Periodontics.](fbioe-06-00172-g0002){#F2}

###### 

Different types of 3D printers and their potential dental application.

  **3D Printer**                    **Materials**                                                                                                                                          **Potential application in dentistry**
  --------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Fused Deposition Modeling (FDM)   Thermoplastic polymers such as polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polycarbonate (PC), polyether ether ketone (PEEK), etc.   In-house production of basic proof-of-concept models, low-cost prototyping of simple anatomical parts
  Stereolithography (SLA)           A variety of resins for photopolymerization, ceramic filled resins, etc.                                                                               Dental models, surgical guides and splints, orthodontic devices (aligners and retainers), castable crowns, and bridges.
  Selective Laser Sintering (SLS)   Powder such as alumide, polyamide, glass-particle filled polyamide, rubber-like polyurethane, etc.                                                     Hospital set up for metal crowns, copings and bridges, metal or resin partial denture frameworks
  Polyjet printing                  A variety of photopolymers                                                                                                                             Hospital set-up manufacturing of craniomaxillofacial implants, sophisticated anatomical models, drilling and cutting guides, facial prosthesis (ear, nose, eye)
  Bioprinter                        Cell-loaded gels and inks based on collagen, photopolymer resins, agarose, alginate, hyaluronan, chitosan, etc.                                        Cell-laden scaffolds for hard and soft tissue printing

![Overview on the different manufacturing approaches. Conventional approaches comprising **(A)** Formative, **(B)** Subtractive manufacturing; widely applied additive manufacturing methods including **(C)** Fused deposition modeling (FDM), **(D)** Selective laser sintering (SLS), **(E)** Stereolithography (SLA), **(F)** Polyjet and **(G)** Bioprinting. Adopted from (Knowlton et al., [@B65]; Ji and Guvendiren, [@B59]; Ligon et al., [@B77]).](fbioe-06-00172-g0003){#F3}

Following the increasing attention toward these 3D printing methods in the last decade, its utilization in regenerative medicine, tissue engineering, and research has emerged as the most investigated fields of interest. In regenerative medicine, the process of combining cells with 3D-printed polymers for creating 3D cell cultures for tissue engineering (Figure [3G](#F3){ref-type="fig"}) drug screening or *in vitro* disease models is gaining wide popularity (Zhang et al., [@B139]). Bioprinting using cell ink-based bioprinters or spheroid/microtissue-based systems has been developed to generate artificial "tissues" and shown to allow the setup of complex 3D *in vitro* models (Blakely et al., [@B12]; Knowlton et al., [@B65]; Ip et al., [@B54]; Ji and Guvendiren, [@B59]; Zhang et al., [@B139]; Athirasala et al., [@B7]). With that, additive manufacturing has given a new face to the discipline of stem cell therapeutics with the flexibility of printing cells into the desired functional 3D complex, employing it for transplantation and regeneration (Murphy and Atala, [@B87]). A multitude of materials is used to fabricate cell-laden 3D-printed scaffolds, for example, chitosan (Intini et al., [@B52]), calcium silicate complex (Chen et al., [@B21]), and controlled-release polymeric materials with bioactive agents (Rahman et al., [@B98]). 3D printing has found its application in generating optimal volumes of human bone and skin grafts *in vitro* (Lee et al., [@B73]; Almela et al., [@B4]). This is gaining immense potential to replace the current strategies of procuring autografts which are associated with donor site morbidity and loss in structure (Chiarello et al., [@B23]).

The entire process of additive manufacturing technology can basically be divided into four steps: (1) creating a digital 3D model designed with a software or using intraoral scans or computed tomography data. (2) processing and slicing of the 3D model into many two-dimensional layers. (3) printing the 3D end product layer by layer. (4) post-processing of the printed object (Chia and Wu, [@B22]; Ligon et al., [@B77]). This basic workflow can be applied for the different printing technologies, using a wide range of materials as polymers, metals or ceramics. We considered multiple reviews available online addressing specific spheres of medical applications as well as techniques and methodologies (Stanek, Manas, Manas, and Navratil; Chae et al., [@B19]; Choi and Kim, [@B24]; Farré-Guasch et al., [@B37]; Torabi et al., [@B116]; Dodziuk, [@B34]; Hoang et al., [@B46]; Shafiee and Atala, [@B110]; Stansbury and Idacavage, [@B113]; Tack et al., [@B114]; Bhargav et al., [@B9]; Derakhshanfar et al., [@B31]; Mardis, [@B81]). In this review we aim to draw together the dental experimental, clinical, and future educational aspects of 3D printing under one roof which has not been done in the past (Figure [1C](#F1){ref-type="fig"}). This makes it an accessible platform for scientists to budding dentists and dental surgeons in the field of additive manufacturing (Figure [2](#F2){ref-type="fig"}).

Oral and maxillofacial surgery {#s2}
==============================

The development of medical 3D imaging generated by computed tomography (CT) has enabled more precise diagnosis and improved treatment planning (Marsh and Vannier, [@B82]; Cutting et al., [@B30]). Additive manufacturing has already taken its spot for almost three decades in the field of oral and maxillofacial surgery when anatomical models have been fabricated using stereolithographic methods based on CT data (Klein et al., [@B63]). Since then, these models have been beneficial for diagnosis, pre-surgical planning, acting as a reference during surgery, and in the manufacturing process of custom implants (Erickson et al., [@B36]). With the inclusion of these additively manufactured anatomic models into the educational system, the future generation of medical and dental practitioners can avail from the progress in 3D printing. Subsequently, this has led to the development of surgical drilling or cutting guides and more recently to individual bone grafts and scaffolds making 3D printing in oral and maxillofacial surgery an important tool.

Experimental approaches
-----------------------

Bone grafting is a common practice in reconstructive surgery and employs three types of graft sources: autogenous, autologous, and allogenic. Allogenic grafts as compared to autologous grafts are considered free from ethical, infectious, size-limitation, and donor site morbidity issues. Nevertheless, they lack osteogenic and osteoinductive potential (Hikita et al., [@B44]). With the introduction of additive manufacturing, it is possible to generate customized implants and scaffolds for bone and tissue regeneration by using biocompatible materials for orofacial defects (Hixon et al., [@B45]; Tsai et al., [@B118]; Wurm et al., [@B130]). Ranging from calcium phosphate biomaterials in the form of hydroxyapatite, β-tricalcium phosphate to polyglycolic acid and polylactic acid and to scaffolds consisting of bioactive magnesium-calcium silicate/ poly-ε-caprolactone, there has been a rapid advancement in the materials used for bone and tissue grafting regeneration by utilizing additive manufacturing (Saijo et al., [@B104]; Xu et al., [@B132]; Ciocca et al., [@B25]; Tsai et al., [@B118]). With 3D printing it is not only possible to generate tailored scaffolds in the desirable dimensions but also to adjust the properties of these materials with regards to porosity, surface texture, and design. It is possible to add osteoinductive factors, like bone morphogenetic proteins (BMP-2 and BMP-7) for stimulating osteogenic differentiation to increase the integration of bone tissue into the printed scaffolds for better cell adhesion, proliferation, and vascularization (Knippenberg et al., [@B64]; Sándor et al., [@B107]; Tsai et al., [@B118]). Such scaffolds have been tested for cell-free strategies and seeded with stem cells (Wang et al., [@B124]; Zhou et al., [@B140]; Yao et al., [@B136]). *In vitro* and *in vivo* studies have been performed supporting the fabrication of 3D printed titanium and zirconium implants (Wang et al., [@B123]; Mangano et al., [@B80]; Anssari Moin et al., [@B6]). There are, however, no long-term studies to support their clinical application. It would be interesting to see how these materials affect the healing process and osseointegration. In the development of bone bioprinting, much work has been put in the development of feasible bio inks and hydrogels including inks based on decellularized matrix (Wenz et al., [@B126]; Pacifici et al., [@B94]). In addition to biocompatibility, these hydrogels have been further functionalized as carriers for growth factors or as gene activated matrices (Miller et al., [@B85]; Cooper et al., [@B27]; Cunniffe et al., [@B29]).

Clinical approaches
-------------------

Accurate analysis of the defect using 3D imaging methodologies aids in a more reliable diagnosis (Oh, [@B92]). Contour models, guides, splints, and implants are the four different categories of three-dimensionally printed surgical objects. Craniofacial anatomical models were the first computer-aided designing and computer-aided manufacturing (CAD/CAM)-based application in oral and maxillofacial surgery. Adapting a milling machine custom-made orthopedic model, Brix and Lambrecht were the first to fabricate anatomical skull models based on CT data in 1987 (Brix and Lambrecht, [@B14]; Lambrecht and Brix, [@B71]). Milling machines are limited in case of complex anatomical structures. Therefore, in 1992, Klein *et al*. published a method to produce a model using stereolithography (Klein et al., [@B63]). Based on that model a maxillary prosthesis was custom made whereas Bill et al. used a 3D printed model for preoperative planning of the surgery, where an allogenic bone transplant was used for cranioplasty (Bill et al., [@B10]).

3D printing also made it conceivable to completely plan and perform the surgical reconstruction of maxillomandibular defects by three-dimensional virtual techniques with immediate prosthetic loading (van Steenberghe et al., [@B121]; Wang et al., [@B125]). Based on the diagnosis, the clinician performs implicitly customized surgical planning for every case using 3D software (van Steenberghe et al., [@B121]). These anatomic simulations acquaint the surgeon with an intraoperative situation and help him or her to prepare the required instruments and procedures (Jacobs and Lin, [@B55]). Keeping in mind individual treatment objectives, a simulated model of the final treatment outcome can be fabricated using 3D printing. This helps the patient to understand the surgical strategy and visualize the treatment outcome even before the execution of the surgery (Wilde and Schramm, [@B128]). Thus, additive manufacturing enables the clinician to obtain the best treatment results and to improve the appearance and quality of life of the patients who undergo facial surgery.

A crucial step in the procedure of digital surgical planning and execution is the designing of surgical guides and templates for improved precision of the operation. They are based on the information obtained by CT imaging and computer software analysis of the maxillomandibular defect (Hu Y. K. et al., [@B48]). By the use of several commercial software packages it is also possible to yield a digitally planned and printed surgical drilling or cutting guide. It has been shown to have less defects, margin control, and bone compromises. Virtual 3D plan is created on screen to be transferred to the operator site. Thus, it acts as an interface between the virtual plan and the physical patient (Goodacre et al., [@B41]; Witjes et al., [@B129]).

3D printing is also applied in the field of orthognathic surgery. A problem that occurs in these procedures is the instability of the condyle and the fossa of the temporomandibular joint, also known as autorotation. This instability makes the correct placement of the maxilla difficult. One approach to solve this problem is the so-called personalized orthognathic surgical guide (POSG) system. The positioning of the bone elements, drill holes for screws and surgical aids is pre-determined by the computer software used and the custom titanium plates can only be placed if the bone segments are exactly in the correct position (Li B. et al., [@B74]). In addition, patient-specific titanium plates for fixation are manufactured by a 3D printer (Philippe, [@B95]), providing stability to the construct during the operation (Polley and Figueroa, [@B97]). Hence, with the help of 3D printed guides, the correct placement of the bone segments is ensured.

Educational approaches
----------------------

Along with vast clinical application, 3D printing is the ultimate tool for education and training in oral surgery (Werz et al., [@B127]). It is expected that very soon, there will be a paradigm shift in the training and educational protocols across the globe. 3D printing offers great opportunities in the field of replicating orofacial anatomy and complex geometry with the highest precision that can be employed to train students and practitioners for performing various maxillofacial operations (Lambrecht et al., [@B70]). This can be achieved by using high end 3D printers that allow both hard and soft tissues to be replicated in a single training jaw (Yusa et al., [@B137]). These magnified 3D-printed anatomical models could also help to train students in their three-dimensional spatial orientation and support communication between the clinician and the patient

Thus, there is a strong potential of 3D printing in oral and maxillofacial surgery, not just from a research point of view but also in the clinical and education fronts.

Prosthodontics {#s3}
==============

Replacing missing teeth has always been a field of progressive advancement in dentistry, dating back to historic times when materials such as wood, stone, gold, silver, and even extracted teeth from cadavers were used to replace the missing dentition and other parts of the jaw (Freedman, [@B39]). Traditionally, silicone polymers or alginate were used to produce intraoral impressions and compression- or injection-molding techniques (Figure [4](#F4){ref-type="fig"}) were used to fabricate dentures (Nogueira et al., [@B90]). This process is time-consuming, cumbersome and requires a highly skilled dental technician (Yuzbasioglu et al., [@B138]), especially in case of patients with gag reflex (Hacker et al., [@B42]), tumor resection, scarred lips post-resection of cancer (Kim et al., [@B61]), temporomandibular joint defects, or oral deformities. Ongoing research based on additively manufactured materials used to fabricate removable and complete dentures in prosthodontics has shown positive results so far with regards to physical and technical properties (Chen et al., [@B20]). With progressing advancement in digital workflow it is possible to directly print these prosthesis from silicone providing acceptable esthetics and reducing the number of appointments for the patient at the same time (Unkovskiy et al., [@B120]). Bioprinting via the production of oral tissue equivalents might help to develop novel models to evaluate the biocompatibility of novel materials and thereby optimize research and development in material science.

![Conventional and digital prosthesis fabrication approaches. Conventional approach for denture fabrication by alginate impression and flasking method (**A**, Formative manufacturing). Digital approach with intra-oral scanning-based impression; manufacturing of denture either by CAD/CAM (**B**, subtractive manufacturing) or 3D printer (**C**, additive manufacturing).](fbioe-06-00172-g0004){#F4}

Experimental approaches
-----------------------

Metallic and polymer-based materials are common in additive manufacturing of dental prosthesis and crowns while the use of ceramics is yet to be explored (Ebert et al., [@B35]). Published *in vitro* studies have shown that ceramics manufactured by lithography where the object is printed layer by layer, show comparable mechanical properties to milled ceramics (Uçar et al., [@B119]). However, manufacturing process, and strength and fracture toughness are areas that require further research. Most of the 3D printing techniques used today as selective laser sintering, selective laser melting or stereolithography usually result in porous structures whereas ink-jet printing enables production of complex dense ceramic-like structures (Ebert et al., [@B35]). To improve the mechanical properties of ceramics and increase its homogeneity, porosity should be eradicated resulting in a denser and more compact structure (Uçar et al., [@B119]). More research is required toward accomplishing the state-of-the-art in ceramics manufactured by 3D printing.

Clinical approaches
-------------------

With the introduction of intraoral scanning and 3D printing, denture fabrication has become a more patient friendly procedure (Hu F. et al., [@B47]). Published case reports indicate that now it is feasible to successfully fabricate removable partial dentures for patients with reduced mouth opening or lip contractures (Kim et al., [@B61]). Fixed and removable dentures manufactured by 3D printing are clinically acceptable and have physical properties comparable to conventionally fabricated dentures (Gan et al., [@B40]). Studies have shown that 3D printing can be successfully employed for metal implant prosthesis using selective laser melting and electron beam melting (Revilla León et al., [@B100]). This leading-edge technology can be employed to reduce the tedious work of a dental technician and provide a more precise framework compared to the conventional framework. Metal crowns and interim resin restorations have shown comparable accuracy and marginal fit with respect to milled restorations (Alharbi et al., [@B3]). Thus, we see that additive manufacturing has a promising role to play in prosthodontics, especially in patients with facial disabilities or gag reflexes.

Educational approaches
----------------------

In the past few years there has been an exemplary shift in the training of dental students and professionals on idealistic plastic typodonts to more real-life 3D-printed models that are based on data obtained by intraoral scans of patients (Hugger et al., [@B50]). This concept has been utilized in prosthodontics for training dentists on customized real patient-based models for veneer and crown preparation since in the mouth teeth are usually rotated and twisted or contain fillings, which makes the preparation of bridges and crowns more challenging (Kröger et al., [@B68]). The technique of polyjet printing has successfully been used to create models in different levels of hardness, replicating that of healthy enamel, dentin and caries so that the trainees experience the proprioception of working on a real tooth (Schweiger et al., [@B108]).

Orthodontics {#s4}
============

3D printing has reformed the era of precision medicine by delivering customized, efficient, highly precise, and reproducible facilities in the field of dentistry, including orthodontics (Jheon et al., [@B58]). Several years ago Normando et al. introduced the idea of using 3D face scans and 3D printing to print not only the anatomically correct and precise dental arches of patients but also orthodontic brackets (Normando, [@B91]). As a result, patient-specific adjustments in terms of angulation, bending, and material selection during the manufacture of brackets are possible (Krey et al., [@B67]). With the help of this computer-aided technique it is now possible to virtually present the changes caused by the braces in advance (Jheon et al., [@B58]).

Experimental approaches
-----------------------

Within biomedicine the fundamental understanding of cartilage growth and bone biology is currently being tested in animal models to modify mandibular growth and modulate tooth movement, respectively. Some of these discoveries will ultimately lead to clinical applications in orthodontics for growth modification, accelerating orthodontic tooth movement, and enhancing anchorage or retention of teeth (Jheon et al., [@B58]). Recently published studies have used the CT data of an adolescent orthodontic patient over a period of 1 year to print 3D models of the mandible using medical imaging software. The data obtained was analyzed for mandibular growth (Reynolds et al., [@B101]). The results of these studies were in line with human cadaveric and implantable marker studies in the past (Björk and Skieller, [@B11]). This will aid the pediatric surgeons in conducting craniofacial surgery, orthodontists in comprehending the growth pattern, and the authentication of theoretical growth models (Reynolds et al., [@B101]). Bioprinting of complex oral tissue like structures can help to reveal the biological responses to forces induced by orthodontic treatments. Thereby these models might serve as alternatives to animal experiments which are currently in use (Liu et al., [@B78]; Seifi et al., [@B109]).

Clinical approaches
-------------------

To date, 3D printing in orthodontics is used primarily for the production of orthodontic aligners for correcting misaligned teeth. These aligners can be removed at any time by the patient and in most cases they are only worn at night (Dodziuk, [@B34]). Salmi et al. described the possibility of a so-called rapid tooling method for the production of custom-made, removable regulatory splints, called aligners. These orthodontic aligners can be used on patients with slight malpositioning of the teeth or after fixed orthodontic treatment (Salmi et al., [@B106]). Using computer software, the teeth are digitally placed in the desired position. After presenting the 3D model, the patient-specific casting mold is created. The mold is printed using the stereolithography method where the product is built up layer by layer during the printing process. From the finished mold, the orthodontic aligner is then casted with silicone (Martorelli et al., [@B83]).

The use of 3D printing in the manufacturing of splints for a patient with temporomandibular joint dysfunction (TMJ) disorders was also described (Salmi et al., [@B105]). The occurrence of TMJ in adults is between 25 and 50% and the patients are more likely to suffer from malocclusions, such as cross-bites (Carlsson, [@B16]). These malocclusions cause excessive signs of wear and tear on the teeth accompanied by pain in the masticatory muscles. Due to the high prevalence of these malalignments in dentition, further research and improvement in the production of splints is desirable (Carlsson et al., [@B17]). Employing rapid prototyping technology allows improvement in tension of the masticatory muscles. Furthermore, this approach saves time and money and increases precision by reducing the number of manual steps throughout the process (Salmi et al., [@B105]).

It is known that fixed orthodontic treatment is a time-consuming and expensive procedure. Minimizing the treatment time and the number of appointments is not only favorable for the patient but also precludes tooth demineralization and root resorption (Abella et al., [@B1]). These new approaches encourage the fabrication of 3D-printed brackets which are the contact point between the wire and the teeth in fixed orthodontics. By digitally planning the tooth movement, designing the brackets tailored to the individual tooth surface and accurately positioning them using 3D-printed guides (Creekmore and Kunik, [@B28]), it is possible to achieve the preferred treatment outcomes with expedition of the whole procedure. Furthermore, printing of guides for the placement of temporary anchorage devices or indirect bonding guides for the correct positioning of the brackets may play a major role in orthodontics in the future. Also, auxiliary orthodontic devices such as Herbst, Andresen, and sleep apnea appliances can be manufactured by CAD/CAM technology leading to an excellent intraoral fit (Farronato et al., [@B38]; Al Mortadi et al., [@B2]). Although clinical studies presented patient satisfaction using this technique, further groundwork is required with regards to the stability and comfortable design of the 3D-printed orthodontic brackets.

Educational approaches
----------------------

The importance of 3D documentation in orthodontic and craniofacial disorders has been endorsed since the last decade. Plaster models have now been replaced by digital information and data (Rischen et al., [@B102]). This does not only dissolve the bulk storage problems often faced by orthodontists, but also opens a new horizon of education and research. Rescuing the patient from repeated exposure to ionizing radiation, 3D-printed models have been used to establish new theorems and relationships between alveolar area and the need for extraction (Konvalinkova et al., [@B66]). In the future it will be possible to use real patient additively manufactured dental models based on intraoral scans or cone beam computed tomography (CBCT) for training fixed and removable orthodontics to dental students.

Endodontics {#s5}
===========

As seen in the above described fields of dentistry, 3D printing has also carved a prolific niche in the endodontic discipline as well (Anderson et al., [@B5]). The paradigm shift from manual to digital workflow in endodontics has given rise to an unmatched streamlining of the procedure, greater precision and accuracy, ameliorating patient comfort, a breakthrough in regenerative endodontics and advancing the operator skills by training and education (Shah and Chong, [@B111]).

Experimental approaches
-----------------------

Additive manufacturing has invaded the field of experimental regenerative endodontics by its capability to preserve the natural tooth rather than replacing it by prosthetic surgery (Murray et al., [@B88]). The principle of 3D printing can be applied to deliver stem cells, pulp scaffolds, injectable calcium phosphates, growth factors, and for gene therapy in the endodontics (Murray et al., [@B88]). Various types of calcium phosphate cements have been developed by 3D printing to form porous scaffolds for regeneration of the pulp-dentin complex (Xu et al., [@B133]). Research has shown that application of 3D-printed polycaprolactone coated with freeze-dried platelet-rich plasma to the dental pulp cells has an improved osteogenic activity *in vitro* (Li J. et al., [@B75]). Also anatomically shaped tooth-like tissue has been generated using 3D printed poly-epsilon-caprolactone and hydroxyapatite scaffolds (Kim et al., [@B62]). Also, bioprinting approaches were developed using dentin-derived bionics. For scaffold-free approaches dental pulp cell-derived spheroids have shown promising results for regenerative strategies (Xiao and Tsutsui, [@B131]; Dissanayaka et al., [@B32], [@B33]; Neunzehn et al., [@B89]; Janjić et al., [@B57]).

Clinical approaches
-------------------

Clinically, additive manufacturing in endodontics finds application in guided apicoectomy and endodontic access cavity preparation. Published studies have shown the efficacy and advantages of guided access cavity preparation over the conventional one. 3D-printed guides can be a useful time-saving aid in calcified canal cases and apical periodontitis (Connert et al., [@B26]). Endodontic procedures are quite challenging in teeth with anomalies in root canal anatomy making access cavity preparation, disinfection, and obturation a tough procedure (Byun et al., [@B15]). Published case reports have shown the potential role of 3D printing in this field by making additively manufactured tooth models with internal root canal structures that can be used as a base to print a guide for the endodontic treatment of such challenging cases (Byun et al., [@B15]). Furthermore this technique can be applied to molars with complex root canal anatomies since the radiograph only gives 2D information of the root canal, often obliterating the accessory and lateral canals (Rodrigues et al., [@B103]).

Educational approaches
----------------------

Additive manufacturing has a major role in endodontic training and education. There has been an increasing trend in many dental schools across the world toward replacing typodont teeth that are known to have idealistic root canal anatomies with 3D-printed tooth models, based on computerized-tomographic images of extracted teeth with more realistic anatomical root canal structure (Byun et al., [@B15]). 3D-printed models and computer software such as haptic simulators aid in the development of endodontic skills by providing visual, acoustical, and tactile proprioception to the user. Critical anatomical structures like nerves and blood vessels or thick cortical bone covering root apices often lead to procedural errors where these models can serve as a boon to prepare the surgeon for challenging situations (Shah and Chong, [@B111]). Thus, we see that 3D printing has a very promising role and future advancement in surgical and non-surgical endodontics.

Periodontics {#s6}
============

Another area of dentistry in which 3D printing is used is periodontology with the focus being on regenerative periodontology in research and 3D-printed guides for esthetic gingival correction. The periodontium is a complex tissue system consisting of several components like bone, gingiva, and cementum. Each tissue has different properties and tissue regeneration in the oral cavity is accordingly controlled by several cell types, signaling mechanisms and interactions.

Experimental approaches
-----------------------

The term additive biomanufacturing, signifying the application of 3D printing (Hoang et al., [@B46]) in manufacturing 3D-printed scaffolds to support tissue regeneration in a defect (Hung et al., [@B51]) is popularly used in periodontics. Bone and tissue loss accompany periodontitis and the concept behind using this technology is to restore the resorbed periodontal tissue and bone deficiencies by supplying the surrounding tissue with growth factors, genetically modified cells, or bioactive proteins over a certain period of time (Larsson et al., [@B72]). However, damage to the periodontal tissue can also lead to difficulties with the implant placement or cause implant loss as the remaining tissue does not provide sufficient support for osseointegration. Here again, 3D printing finds its application in the procedure called guided tissue regeneration. The principle of controlled tissue regeneration is to prevent the ingrowth of rapidly regenerating tissues such as the oral epithelium into the defect and at the same time provide room to the slow-growing bone tissue for regeneration (Carter et al., [@B18]). Advancements in 3D-printed membrane structure, improving its integrity and function in the oral cavity, making it more resistant to the occlusal forces, are being effectuated (Bottino et al., [@B13]).

Various 3D printing techniques find application in tissue regeneration based on the requirements of the defect area. A CT scan of the defect in a patient serves as template for the creation of 3D objects. Based on the CT image, a printed wax mold is designed for the production of a scaffold that can be used to improve the immigration of periodontal ligament cells, which are responsible for the connection of dental cementum and tooth root (Pilipchuk et al., [@B96]). Improved regeneration of the alveolar tissue using 3D polycaprolactone (PCL) scaffolds has been shown (Li J. et al., [@B75]). With the invention of 3D-printed biphasic scaffolds, it is now possible to utilize and guide multiple periodontal cell types during the healing process. In *in vivo* investigations in mice it has been noted that the biphasic frameworks have advantages over scaffolds which are produced without the exact specification of a printed mold. The used method provided predictable orientation, improved organization of the periodontal ligament, and controlled tissue infiltration. Complex clinical cases have been reported where individualized 3D-printed scaffolds have been applied for periodontal regeneration (Rasperini et al., [@B99]). Studies on bioprinting of periodontal cells in hydrogels have proven the feasibility of the technology *in vitro* (Ma et al., [@B79]; Xu and Hu, [@B134]). However, in addition to tissue engineering strategies, the technology can also be applied for other purposes. Bioprinting of 3D arrays of hydrogels loaded with periodontal stem cells was used as *in vitro* model to evaluate the impact of extra cellular matrix. Similar complex *in vitro* models can be developed as screening assays for novel target for periodontal regeneration and the optimization of biomaterials (Xu and Hu, [@B134]). Also scaffold-free approaches of bioprinting seem feasible as spheroids (Janjić et al., [@B56]; Kurzmann et al., [@B69]) and more complex microtissues (Janjić et al., [@B56]) have been generated successfully from periodontal ligament and gingival cells. The application of such self-assembled building blocks for periodontal regeneration has been proposed (Yang et al., [@B135]; Berahim et al., [@B8]).

Clinical approaches
-------------------

Clinically, 3D printing has gained popularity in gingival esthetic surgeries in the anterior region of the oral cavity (Li Z. et al., [@B76]). Patient specific surgical guides are printed and used for gingivectomy procedures and smile designing. Such templates are known for their accuracy, customization, and precision. Educational and training models based on computerized tomographic scans of patients are being increasingly developed for the gaining of better surgical skills (Werz et al., [@B127]). Through the use of individualized products, advantages over conventional methods can be created in the area of periodontal tissue regeneration and surgeries.

Educational approaches
----------------------

In the past, dental students have been trained either on manikins, dental models, or directly on patients for periodontal examination, scoring, and indexing procedures (Heym et al., [@B43]). Students have often found difficulties, leading to patient discomfort such as pain and bleeding while probing the patients for examination (Heym et al., [@B43]). Hence, it would be a good approach to print 3D models simulating gums, periodontal tissues, and defects with respective tissue characteristics to develop the correct proprioception and skill before operating the patient. Additive manufacturing also encourages printing models of patients with gingival esthetic defects to be trained using these models and preventing procedural errors (Li Z. et al., [@B76]).

Conclusion and future perspective {#s7}
=================================

3D printing has the capacity to revolutionize dentistry. The different technologies have been applied for a variety of purposes in the field of dentistry (Figures [2,3](#F2){ref-type="fig"}, Table [1](#T1){ref-type="table"}). Currently the main focus is on surgical planning and the indirect production of implants or orthodontic aligners by printing the molds for these objects. In addition, 3D printing is used to create personalized tissue engineering scaffolds for usage in oral surgery. Experimental approaches include the application of 3D printing for the production of scaffolds which serve as carriers for growth factors or other bioactive molecules as well as cells. However, the results of previous studies show that 3D printing has many advantages, be it in the fabrication of fixation splints in oral surgery or in orthodontic orthosis molds. Because the print object is produced according to the image of the patient, the print can be tailored to optimally fit the anatomical conditions and thereby accuracy of aligners or implants can be improved.

When selecting the appropriate printing system, account must be taken of material availability, medical properties of the material, time required, and the desired resolution of the print object. The problem that requires further research is the limitation of the available material assortment in particular when moving beyond the canonical polymers as well as the improvement of printing speed and post processing requires. The used materials must meet the dental and technical requirements and biocompatibility standards. It is therefore of great interest to establish new, printable materials for dentistry that meet these requirements, as the expansion of the material range also opens up new possibilities for clinical applications of 3D printing in dentistry.

3D printing has a high potential for education as witnessed above in all the major disciplines of dentistry. It gives the surgeon a better subjective perception of the bone and teeth as compared to the stereotype typodont or acrylic models. With the advancement in materials and technology, the flexibility to manipulate the physical characteristics of additively manufactured materials, the trainees have the opportunity to develop better operative and proprioceptive skills (Hugger et al., [@B50]; Torres et al., [@B117]; Werz et al., [@B127]). Overall, 3D printing-based technologies have a tremendous potential to transform research, treatment methodology, and educational streams of dentistry ameliorating oral health care.
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